Introduction

Isolation of discs lost Mutations
In the course of generating P element-induced alleles In a large-scale mutagenesis experiment, we had preof an unrelated gene, we identified three independent, viously identified a number of genes required for the lethal P element-induced discs lost mutations, which all formation of the embryonic central nervous system failed to complement the original dlt dre1 mutation (dlt P1 , (CNS) axon pattern (Hummel et al., 1999a (Hummel et al., , 1999b . One of dlt
P2
, and dlt
P4
; Figure 1 ; see Experimental Procedures these mutations was mapped to a chromosomal region for details). A previous analysis of the discs lost locus comprising some genes encoding well-characterized had suggested a complex genetic scenario (Bhat et al., proteins, including ␣-Spectrin, Cdc37, and a cytosolic 1999) and only a single EMS-induced discs lost mutation PDZ (PSD-95, Discs-large, ZO-1) domain protein rewas available (dlt dre1
). Thus, we conducted an F2 EMSported to be mutated in discs lost (Bhat et al., 1999). mutagenesis to isolate four EMS-induced discs lost alFurther genetic and phenotypic analyses suggested leles (dlt
A1
, dlt
C1
N1
O2
). The original dlt dre1 mutadiscs lost is critically important for epithelial polarity in tion (Sliter et al., 1989) as well as the dlt N1 allele lead to Drosophila (Bhat et al., 1999). The chromosomal interval larval lethality. In contrast, homozygous dlt A1 , dlt
C1
, or that uncovers this PDZ locus was subject to an intense dlt O2 animals die as pupae. To discriminate whether the and saturating genetic analysis (Sliter et al., 1989) . Mutadifferences in the lethal phase are due to different allelic tions in the dre1 complementation group lead to pupal strengths or to background effects, we determined the lethality, and mutant third instar larvae are characterized lethal period of all discs lost alleles in trans to deficiencby fewer or even no imaginal discs. Based on rescue ies. In this paradigm, all dlt alleles lead to pupal lethality experiments, Bhat et al. (1999) Table 1 ). This indicomplementation group encodes a cytosolic PDZ procates that additional background mutations are respontein. In accordance with the mutant phenotype, the gene sible for the larval lethality that we observed for dlt dre1 was renamed discs lost (dlt; Bhat et al., 1999). and dlt N1 mutant animals.
It was reported that Dlt executes its function during
Identification of the discs lost Gene To facilitate these experiments, we placed the CG32315 change at position 1807 resulting in a truncated protein Given the genetic organization of the ␣-spectrin locus, of 602 amino acids (Figure 1 ). In summary, these data it was not surprising that the genetic complementation clearly demonstrate that discs lost corresponds to analyses demonstrated that all P element-induced discs CG32315 and not the previously published PDZ protein. lost mutations do not complement mutations in ␣-specRecently, the CG32315 transcription unit has been trin. Thus, the P element-induced discs lost alleles are identified as the quantitative trait locus vanaso that afindeed double mutations, and the loss of ␣-spectrin fects olfaction (Fanara et al., 2002). As the correlation function is likely to be responsible for the earlier lethal to CG32315 is based upon a P element insertion affectphase of the P element-induced dlt alleles compared to ing both ␣-spectrin and CG32315, we suggest keeping the EMS-induced dlt alleles. On reexamining the prethe phenotype-based name discs lost. viously identified P element-induced discs lost allele (Bhat et al., 1999), we found that it too failed to complement ␣-spectrin mutations. Rescued by
Discs lost Is Conserved in Vertebrates
␣-spectrin rg41 is an ␣-spectrin null allele (Lee et al., 1993) . discs lost dre1 and discs lost A1 are EMS-induced discs lost alleles, and dlt P1 is a P element-induced mutation affecting ␣-spectrin and discs lost. Unfortunately, antisera generated against different domains of the Discs lost protein did not allow the detecdiscs lost Is Expressed Ubiquitously tion of the protein in wild-type embryos. However, when during Development we ectopically expressed discs lost using the engrailed Due to the genomic organization, the transcription of GAL4 driver, we could detect the protein in the engrailed discs lost and ␣-spectrin must be regulated by the same expression domain. In these cells, the Discs lost protein promoter elements. To determine whether splicing of is localized in the cytoplasm ( Figures 2B and 2C ). Similar the two transcripts is temporally and spatially regulated, results were obtained when we analyzed the expression we preformed whole-mount in situ hybridization experiof the Myc-tagged Discs lost protein in salivary gland ments using digoxygenin-labeled exon-specific RNA cells or ectodermal cells. Discs lost protein never coloprobes. During embryonic development both genes are calized with ␣-Spectrin, which demarcates the cell memubiquitously expressed, and we could not detect spebrane ( Figures 2D-2I ). cific differences between the expression patterns of ␣-spectrin and CG32315, suggesting that differential splicing is not involved in regulating the expression patdiscs lost Mutant Phenotype Mutant discs lost animals are characterized by a variable tern of the two genes (Supplemental Figure S1 at http:// www.developmentalcell.com/cgi/content/full/5/6/ loss of imaginal discs. In addition, it was reported that discs lost mutations lead to a disruption of cell polarity 841/DC1). Similarly, we observed a ubiquitous expression in imaginal discs (Supplemental Figure S1) imaginal discs and noted that eye imaginal discs preferlost in epithelial cells does not alter PDZ protein expression or localization, indicating that cell polarity was not entially lacked their antennal part ( Figures 3A-3C) . Because cell polarity markers such as Armadillo or the Patj affected ( Figures 3D and 3DЈ ). We confirmed this result by assaying several other markers. In discs lost mutant protein previously assigned to the discs lost locus are still expressed in their normal apical domain in mutant cell clones, the apical localization of Crumbs is unchanged ( Figure 3E) . Similarly, the distribution of the epithelial cells, polarity does not appear to be disrupted ( Figures 3A and 3B , and data not shown). As the discs cell polarity markers SAS and Armadillo was not affected (Supplemental Figure S2) . lost alleles may not be null alleles, we determined the phenotype of the My10 deficiency, which fails to comTo assess the consequences of the loss of discs lost in the eye discs, we used the Minute FRT approach to plement discs lost mutations. Because Df(3L)My10 removes cdc37 (Bhat et al., 1999) as well as ␣-spectrin generate large mutant cell clones (Newsome et al., 2000; Simpson, 1979) . When homozygous mutant discs lost (Tanentzapf et al., 2000; see below), we complemented these genes by crossing the corresponding rescue conclones were generated, the mutant eyes were significantly smaller than wild-type eyes (Figures 4A-4C ). struct (P[ubi-␣-spec] and P[cdc37]) into the background of the Df(3L)My10. Again, larvae with small eye discs However, this phenotype was extremely variable. We found some flies with almost normal sized mutant eyes were recovered that preferentially lacked the antenna and in the most extreme situation a small and a large eye part, suggesting that the EMS alleles are strong hypodeveloped in the same fly ( Figure 4C ). These phenotypes morphic or null mutations in discs lost. These eye discs indicated that discs lost function is required to a variable lacked expression of the Patj protein, and the severity extent for cell proliferation or survival. of the imaginal disc phenotype was comparable to the The reduction of eye size suggested that discs lost phenotype of homozygous mutant discs lost larvae (Figmutant cell clones had a growth disadvantage during ures 3B and 3C). ␣-Spectrin expression outlines regularlarval development. To directly examine the growth beshaped cell clusters, suggesting that some patterning havior, we generated discs lost mutant cell clones in the occurred in these rudimentary discs ( Figure 3C , arrowabsence of a Minute mutation. We used heat shockhead in insert). These analyses did not indicate any funcinduced expression of the Flp recombinase and tested tion of discs lost in cell polarity, and further support our cell proliferation by BrdU labeling. discs lost mutant cells finding that discs lost does not encode the Patj protein.
were able to incorporate BrdU normally, and the size of the mutant cell clone was comparable to the wild-type Clonal Analysis of discs lost twin spot. Thus, discs lost mutant cells are at least iniTo further address whether discs lost affects cell polartially able to divide at rates similar to wild-type cells ity, we analyzed mutant clones in the follicular epithelium ( Figure 4E ). However, during pupal development, these ( Figures 3D and 3E) . Mutant cell clones were detected cells must have a growth disadvantage, as mutant cell by the lack of GFP expression. ␣-Spectrin expression clones never appear in the adult eye. was used to assess the cellular phenotype. As observed As observed in the follicular epithelium, discs lost mutant imaginal disc cells did not show any cell polarity in the homozygous mutant condition, the loss of discs cell clones of considerable size in the eye imaginal disc, we were not able to find any discs lost mutant cell clones in the adult compound eye, suggesting that discs lost affects survival of differentiated cells. Only when neighboring cells carried a Minute mutation, which affects ribosomal function and thus leads to a growth disadvantage of these cells, were mutant discs lost cells able to survive to adulthood.
Disruption of discs lost Function by RNAi
The above-mentioned phenotypes tended to be relatively variable. This may be due to a perdurance of maternal Discs lost protein or RNA. To overcome the prob- of the discs lost RNAi construct in the posterior compartment of the wing imaginal disc by an engrailed GAL4 driver led to an efficient elimination of discs lost expresdefects. In Figure 5A , a confocal section shows the folds sion (Supplemental Figure S3) . Because the discs lost of a wing imaginal disc. Mutant discs lost cells can be gene shares its first exon with ␣-spectrin, RNAi directed recognized by the absence of ␤-galactosidase expresagainst discs lost might also interfere with ␣-spectrin sion. No alterations in the apical localization of the Patj function. However, ␣-Spectrin expression levels are not protein were detected (Figure 5A, arrowheads) . Using reduced in the discs lost RNAi-treated compartment different cellular markers, we could not find any alter-(Supplemental Figure S3) . Furthermore, expression of ations in cell polarity or shape (data not shown). The discs lost RNAi during eye imaginal disc development DNA content of mutant cells was similar to wild-type was able to induce a phenocopy of the discs lost mutant cells ( Figure 5) . phenotype ( Figure 4D ). In the eye imaginal discs, neuronal cells differentiate following a series of inductive signaling events in the wake of the morphogenetic furrow (Freeman, 1996) . The discs lost Is Required for Survival and Proliferation Two possible scenarios may lead to the reduction in cell induction and later the differentiation of these neuronal cells require the formation and maintenance of polarized number observed in all discs lost mutant animals. The proliferation of cells may be disturbed due to defects in cells. Both processes proceed normally in mutant discs lost cells ( Figure 5C ). Although we could detect mutant cell cycle progression, or the loss of discs lost could lead to an increase in apoptosis. To discriminate be-␣-spectrin corresponds to the discs lost gene. As expected, the dlt RNAi phenotype is dose dependent. tween these possibilities, we inhibited discs lost function by RNAi in a stripe across the wing disc epithelium using When we expressed higher levels of discs lost RNAi, the number of cells was further reduced to ten and the a patched-GAL4 driver (Wilder and Perrimon, 1995; Wodarz et al., 1995). Reduction of discs lost function led crossvein 1 was missing ( Figure 6D) . In extreme cases, we observed necrotic cells in the patched expression to a reduction in cell number in the corresponding wing domain (Figures 6A and 6B) . Whereas in wild-type wings domain (data not shown). Acridine orange staining, which labels dying cells, showed that reduction of discs about 18 cells separated the longitudinal veins L3 and L4, only 16 cells were found following discs lost RNAi lost function in the patched domain leads to cell death (see Supplemental Figure S3 ). expression ( Figure 6B ). Concurrently, we noted a slight increase in cell size. This phenotype was subsequently If loss of discs lost function would lead to apoptosis, the mutant discs lost phenotype may be rescued by used to quantify the effects of different genetic backgrounds ( Figure 6I) . expression of the caspase inhibitor baculovirus p35, which counteracts apoptosis (Hay et al., 1994) . However, When we removed one copy of discs lost in this genetic background, the number of cells surviving dlt RNAi coexpression of discs lost RNAi and p35 did not alter the number of surviving cells ( Figure 6E ). Instead, we was further reduced ( Figure 6C ). This result again demonstrates that the gene located in the first intron of frequently observed that the dorsal and ventral wing blades detached and that the L3 vein appeared broader cells. During imaginal disc development, cell growth can be uncoupled from cell division. When cell division is ( Figure 6E, arrow) . Similar, although slightly weaker phenotypes were obtained following coexpression of discs increased, cell size is reduced, whereas when cell division is blocked, cells continue to grow to a larger size lost RNAi and Drosophila myc ( When discs lost RNAi and dmyc are coexpressed no alterations in the phenotypic strength are observed. In contrast, coexpression of cycE, which promotes G1/S Discussion phase transition, leads to an enhancement of the phenotype that now resembles the discs lost loss-of-function Based on several arguments, we propose that discs lost phenotype ( Figure 6 ). A possible explanation for these does not correspond to the PDZ protein as previously results is that a reduction of Discs lost protein levels reported but to a conserved protein related to the human leads to a prolonged G1 phase and to a lower survival Codanin-1 protein encoded by CG32315. First, we were rate once the cells enter S phase. If these cells are able to rescue the discs lost mutant phenotype to full now prematurely forced to enter S phase by ectopic viability by expression of the CG32315 transcript. Secexpression of Cyclin E, they eventually die. To test ond, we failed to detect sequence alterations in the patj whether discs lost mutant cells can complete S phase, gene encoding the PDZ domain protein but detected we coexpressed cyclin A and string, which are both nucleotide changes leading to a premature translational regulators of M phase initiation (Neufeld et al., 1998). stop in the transcription unit CG32315 of discs lost muBecause coexpression of the M phase promoting factant animals. Third, RNAi-mediated inhibition of CG32315 tors had little or no effect, discs lost seems to be required function is sensitive to the discs lost gene dose. Fourth, for the progression through S phase during the cell we were able to phenocopy the discs lost mutant phenocycle. type by RNA interference of CG32315. Finally, by using
The analysis of discs lost mutant cell clones suga rescue approach, we show that the Patj protein is not gested that discs lost is also required for cell survival essential for viability (see below).
of differentiated cells independent of cell division. Although discs lost mutant cell clones could be detected discs lost Regulates Proliferation and Survival during larval development, they were absent in the reThe decision between proliferation and survival is an sulting adult compound eyes. important aspect of cellular regulation during the formation of a well-sized animal organ (Conlon and Raff, 1999 To test whether discs lost affects Drosophila hematopoiesis, we analyzed the number of blood cells (he- lishment or maintenance of apico-basal polarity.
